 The syntheses of gradually elongated wheel-and-axle-type hosts are presented.
Introduction
Aiming at applications such as separation, sensing and storage of chemical substances, crystalline inclusion compounds are very encouraging [1] [2] [3] [4] . In previous studies concerning this topic respective results are evident. This applies particularly for the inclusions formed of hosts derived from and 'wheel-and-axle' strategy [5, 6] . As defined by this strategy, conventional host compounds feature a structure having two bulky diarylhydroxymethyl moieties attached to a central linear building element mostly composed of ethynylene, 1,4-phenylene, 4,4'-biphenylene or combinations of these structural units involving varied expansions of the rigid central axis. Owing to their irregular shape, corresponding hosts do not pack efficiently and thus they tend to yield inclusion compounds in the presence of neutral guest molecules. In a modification of this proven design, wheel-and-axle type geometries have also been created bipartitely via an association of bulky carboxylic acid fragments [7] or using ligands of varying length for bridging the metal centers of porphyrins [8, 9] or other metal containing molecules [10] . Hence, it is convincingly shown that the covalently linked axis of a conventional wheeland-axle host molecule can be replaced by a system of hydrogen bonds or by coordination of ligands generating inclusions alike. Moreover, derived from the existing findings, the length of the central axis is demonstrated to decisively control the void dimensions as well as the mode of aggregation in the crystal including, e.g., wheel-and-axle or shish-kebab type shapes of supramolecular scaffolds [8, 9] , aside from the kind of subunits that compose the molecular wheels exercising a similar effect. Only recently, steroidal wheel-and-axle-type hosts [11] as well as the exchange of the lateral aryl groups of respective host molecules against heterocycles [12] opened up a further new way of structural modification, showing high potential to control inclusion selectivity of organic guest species. This has been confirmed by the host molecules BTh1 and BTh2 ( Differing from the literature description [15] , the dimethyl dicarboxylate 7 was prepared from 4-(methoxycarbonyl)phenylboronic acid (synthesized by literature procedures [16, 17] ) and methyl 4-iodobenzoate in the presence of Pd(PPh3)2Cl2 and NaHCO3 in water/THF following a Suzuki-Miyaura type reaction [18] . The dimethyl dicarboxylate 9 was obtained from methyl 4-ethynylbenzoate and methyl 4-iodobenzoate using a described Sonogashira-Hagihara coupling method [19] . The triester 11, not yet being mentioned in the literature before, was synthesized from 1,3,5-triethynylbenzene (10) [20] and methyl chloroformiate on treatment with n-butyl lithium in dry THF. Pd-catalyzed coupling reactions following the Sonogashira-Hagihara protocol [21] (12) . To this latter compound was then added trimethylsilylacetylene (TMSA) in the presence of n-butyl lithium leading to the TMS-protected acetylenic alcohol 13 which was deprotected under basic condition (K2CO3) to yield 14. Inclusion compounds of 1-6 including the studied solvents were obtained as described in the Experimental.
Capability of inclusion formation
Previously, we demonstrated that the replacement of thien-2-yl groups of a new prototype host structure [12] by the more bulky benzo[b]thien-2-yl groups giving rise to BTh1 and BTh2 (Fig. 1) leads to a distinct enhancement of the crystalline inclusion formation with organic solvent molecules [13] . Following this line of thought, the question arises whether the intended homologues of BTh1 and BTh2, i.e. 1-6, featuring in their molecular structure an elongated central axis (1-5) or an increased number of bulky lateral groups (6) may cause a further improvement of the inclusion behavior. In order to ensure a sound basis for comparison, a variety of solvents corresponding to those applied to BTh1 and BTh2 were used for the crystallization of 1-6. They range from dipolar protic (alcohols, amines) to largely apolar species (chloroform, 1,4-dioxane, toluene) and involve solvents of acyclic and cyclic as well as aliphatic and aromatic or heteroaromatic nature. More detailed specification of the solvents and findings obtained from the crystallization study including the results recently achieved from BTh1 and BTh2 are listed in Table 1 .
In general, compound 1 is the most efficient one in solvent inclusion (11 hits) and, thus, is comparable with BTh1 (12 hits) and BTh2 (10 hits) by means of the number of inclusions obtained from solvent crystallization. But also hosts 2-4 (9 hits each) are close to the efficacy of the references while 5 (5 hits) and 6 (7 hits) show a decreased inclusion ability. This suggests that increasing the length of the central axis in the molecules (except for 1) is not always helpful to improve the capacity for solvent inclusion.
Another noticeable point refers to the host:guest stoichiometry of the inclusion compounds. Whereas BTh1 and BTh2 almost universally use 1:2 stoichiometry in the solvent inclusion, the present hosts crystallize with solvents in varying stoichiometries including 3:1, 3:2, 1:1, 3:4, 2:3, 1:2, 2:5, 1:3, 1:4 and 1:5, i.e. covering a very broad range. For all that, also in this series of compounds the stoichiometric ratio of 1:2 is generally preferred corresponding with the bifunctionality of the host molecules. This is most obviously demonstrated by the inclusion compounds of 5 being only of a low number but having a constant 1:2 stoichiometry.
Nevertheless, it is noticed that outstandingly high solvent ratios, up to 1:5, appear rather frequent, and, yet, showing a distinct accumulation for the host molecule 6 featuring a trigonal structure.
Regarding the variety of solvents being included it is seen that toluene as a clearly apolar solvent is successfully included from 1, 3, 4 and 6 which is in contrast with BTh1 and BTh2 since both do not form respective inclusion compounds. Hence, representatives of the new hosts do not develop such strong limitation to include only solvents of protic and distinctly polar nature as shown for the former hosts. But with reference to the failure of chloroform inclusion they are equivalent. Moreover, all the hosts demonstrate conformity in the inclusion of THF and pyridine followed by acetone which apparently is only unsuccessful with 5. The whole of the other dipolar aprotic solvents are rather differently included by the hosts making it difficult to pinpoint a general trend. Remarkably, EtOAc and DMSO are only included by 3 and 6, respectively, even though the solvent ratio in the case of the DMSO inclusion is markedly high.
Distinct differences are also observed in the inclusion formation with protic guests, in particular considering the alcohols showing no correspondence among each other, including BTh1 and BTh2. Virtually, it is obvious from Table 1 that the alcohols show a rather low tendency to be included, resembling in this respect the facts of the former hosts. Hence, in order to provide a more profound basis for drawing conclusion extending those from the above findings, a detailed X-ray crystallographic structural study performed of selected inclusion compounds was carried out.
(f) (g) Fig. 4 . Molecular structures of the studied inclusion compounds 1a (a),
4b (e), 4c (f) and 5a (g) involving atom numbering scheme and specification of disorder sites in 1a, 2a, 4a, 4b, 4c and 5a. (Ellipsoid plots drawn with 50 % probability level.)
Single crystal X-ray structural study
Unfortunately, crystals of inclusion compounds being in a quality for carrying out an Xray structural analysis could only be isolated of the hosts 1, 2, 4 and 5, while the hosts 3 and 6 refrained from suitable crystal formation. Nevertheless, a reasonable structural comparison including the prototype hosts BTh1 and BTh2 is possible allowing sufficient insight into the structural circumstances. In detail, the crystalline inclusion compounds which have been studied via X-ray structural analysis involve 1a (1 · pyridine), 2a (2 · pyridine), 2b (2 · nBuOH), 4a (4 · pyridine), 4b (4 · acetone), 4c (4 · THF) and 5a (5 · DMF) being itemized in Table 2 . Selected torsion angles of the molecules are listed in Table 3 . Packing properties of the studied inclusion compounds are presented in Table 4 and relevant noncovalent interactions found in the crystal structures are given in Table S1 (Supplementary Irrespective of the particular host molecule, all the inclusion compounds containing pyridine as the guest solvent (1a, 2a, 4a) crystallize in the triclinic space group P-1. However, as despite from 1a having half a host molecule and a refined pyridine molecule in the asymmetric unit (Fig. 4a) , both in 2a (Fig. 4b ) and 4a ( Fig. 4d) only one of the pyridine molecules could be refined and the residual electron density was removed by the SQUEEZE method of the PLATON program [22] . On the other hand, for the inclusion compounds 2b, 4b
and 4c, the monoclinic space group P21/c (or the alternative setting P21/n) was determined. In 2b (Fig. 4c) , the n-BuOH molecules could not be refined and as before the SQUEEZE method was used to remove the residual electron density, while one of the THF molecules of 4c (Fig.   4f ) shows twofold disorder with a site occupancy factor (sof) of 0.66. As found for 1a, 2a and 4a, the inclusion compound 5a crystallizes in the space group P-1 (Fig. 4g) 
Molecular structures
For the determination of the molecular conformations of the respective hosts, we Table 3 .
In the structure of 1a (Fig. 4a) , the benzene rings of the biphenyl unit are coplanar to each other. The molecular conformation is shown to be stabilized by intramolecular S···O-contacts [12, 23] [d(S1···O1) = 2.846(1) Å, d(S2···O1) = 3.044(1) Å] and can be described by the torsion angles of the heteroaromatic units with reference to the OH group of 28.3° (S1-C1-C17-O1) and 43.8° (S2-C9-C17-O1). Regarding the structures of 2a (Fig. 4b) and 2b (Fig. 4c) , the alkyne bonds are slightly distorted which is specified by the bond angles of 176. again stabilization via intramolecular S···O-contacts but involve also intramolecular S···S-contacts [24] [25] [26] leading to corresponding torsion angles around the two heteroaromatic and hydroxyl groups as particularized in Table 3 . Probably owing to a packing induced distortion of the spacer elements, the alkyne bonds are not linear showing bond angles that range between 176.2 and 179.1 ° (with 4a deviating the most). In contrast to 1a, the biphenyl unit 4b is not coplanar arranged having an interplanar angle of 38.3.
In the structure of 5a (Fig. 4g) (S2-C9-C17-O1) and -151.7 (S1-C1-C17-O1).
Packing structures
Emphasizing packing density of the different kinds of host-guest complexes (Table 4) with a KPI value (with solvent) of 70.6 % followed by the 1:1 acetone host-guest compound 4b
having a KPI value (with solvent) of 70.5 %.
Regarding a more detailed discussion on the molecular arrangement including a description of intermolecular interactions modes, the structures can be described as follows. In by the packing arrangement, the hydroxyl group O1-H1 of the host is unable to act as a donor of a conventional hydrogen bond and is pointing towards an aromatic unit of an adjacent dimer.
As a result of this, the acetone guest molecules are included cage-like ( 
Solvent vapor absorption behavior
The diol host compounds 1 -6 were deposited as solvent-free thin films from CHCl3-solution on a quartz crystal microbalance [14] and investigated in view of their vapor absorption. Hereby, the corresponding gas-sensing process, i.e. the solvent vapor sorption, is
represented by the incorporation of the analyte into the chemical layer deposited on the quartz crystal, leading to a mass increase. As a result, the resonance frequency of the quartz crystal is shifted delivering information on the amount of the incorporated solvent [35] . To enable a sound comparison with previous data obtained from BTh1 and BTh2 [13] , a series of different solvent vapors being in correspondence with a former selection of vapors [12, 13] was used.
They involve vapors of n-hexane, CHCl3, THF, acetone, EtOH and Et2NH. The vapor absorption ratios of 1-6 including those of BTh1 and BTh2 for comparative purpose are listed in Table 5 and corresponding bar graphs are shown in Fig. 12 . As expected, the vapor of the least polar solvents, i.e. n-hexane and CHCl3 show the lowest absorption ratio, no matter which host compound is used for coating. In reversal conclusion, vapors of the more polar and protic solvents feature a much higher absorption being expressed by increased absorption ratios (100 % equals an inclusion stoichiometry of 1:1, 200 % of 1:2 etc. [36] ); this is particularly true for the vapors of EtOH and Et2NH. Nevertheless, for each coating sorption ratios depend on host structure and its packing in the solid state.
However, since the structures of solvent-free crystals of 1-6 are not known, it is difficult to deliver a sound reasoning based on an appropriate approach. To specify a few facts of noteworthy behavior: BTh1 and compound 5 demonstrate particular high activity of sorption for EtOH (212 % and 218 % ratios, respectively, equating to approximate 1:2 host-guest stoichiometries), though both compounds feature very different lengths of the central molecular axes and appear as rather inefficient referring to their inclusion from solvent crystallization.
The same we found for the sorption of Et2NH by 6 (coated from CHCl3) showing the highest ratio of vapor uptake on the whole (224 %); though 6 failed to make accessible a corresponding inclusion complex on solvent crystallization. From another approach of reasoning one may think that the spatial condition near the binding active hydroxyl group of the host exercises a controlling influence on the vapor sorption. This would mean that the hosts featuring an ethynylene unit attached to the hydroxyl substituted carbon atom (BTh1, 2, 4-6) are favored over hosts having an attached phenylene unit (BTh2, 1, 3) ; but also in this respect there is no corresponding trend justified by the data. Hence, the results once more [12, 13, 36] In further studies, we observed a preconditioning effect of the sorptive coating. This has been found working with host compound 6 showing high ratios of included EtOH both on solvent crystallization (1:4 stoichiometry) and vapor sorption (185 %) when 6 having been deposited from CHCl3 solution. However, when the quartz crystal was dipped in a 0.01M solution of 6 in EtOH and the solvent was evaporated aiming for a solvent-free and loosely packed coating, sorption measurements with the guest vapors applied before, revealed a different outcome of the experiment instead. The uptake of all guest vapors is decreased now in comparison to the coating of 6 from chloroform ranging from -22% for EtOH and -72 % for n-hexane. Moreover, the sequence of the different solvents has changed. Et2NH which was taken up in the highest ratio before, is now absorbed only moderately. The smallest change has been observed for EtOH as a guest vapor (Table 5 , Fig. 12b ). This remarkable finding might be explained by a kind of 'structure memory effect' [37, 38] of the voids remained after solvent desorption of the initial host-guest coating. general. This is in line with findings for gradually elongated porphyrin systems [8, 9] . The most efficient solvent inclusion has been found for a biphenyl spacer showing an inclusion ratio comparable to previously discussed molecules having phenyl or an ethynlene spacer. By way of interest, for the new compounds, high ratio of included solvent is rather common, which is especially true for the trigonal host 6.
Conclusion
From seven inclusion compounds X-ray structures could be solved. The structural investigation revealed the dominance of layers, cages and channels, with the guests being accommodated in the respective voids. A particular high framework porosity is observed for the 1:5 pyridine inclusion 2a indicating ideal spacer length for optimal bulkiness of the host;
for this example a KPI of only 41.2 % has been found. As before for the tendency to form crystalline inclusion compounds, the ability for QCM vapor absorption is rarely depending on the spacer length, though much more on the spacer components. The ratio of vapor absorption is notably high for the C≡C-Ph-C≡C spacer occurring either two (2) or three (6) times in the respective host. For 6 as the most active of the hosts studied here, the use of different solvents on the quality of the coating has been investigated. Thereby, a 'structure memory effect` shown for the inclusion of EtOH instead of CHCl3 is obvious, which could lead to an interesting concept for construction of a selective sensor material.
Experimental Section

General
The melting points were measured on a microscope heating stage Thermovar (ReichertJung). IR spectra were recorded on a Nicolet FT-IR 510 spectrometer as KBr pellets (wave numbers given in cm -1 ). 1 H and 13 C NMR spectra were obtained from a Bruker Avance 500 at 500.1 ( 1 H) and 125.8 MHz 3-yn-2-ol) followed by cleavage of the 2-hydroxypropan-2-yl protection groups [20] .
Syntheses Dimethyl biphenyl-4,4'-dicarboxylate (7)
The synthesis has been carried out differing from the literature procedure [15] . A mixture of 4-(methoxycarbonyl)boronic acid (2.04 g, 11.4 mmol) and methyl 4-iodobenzoate (3.00 g, 11.4 mmol) in 75 ml THF and 90 ml H2O was degassed (10 min) under an argon atmosphere followed by the addition of Pd (PPh3) 
Trimethyl 3,3',3''-(benzene-1,3,5-triyl)tripropynoate (11)
A solution of n-BuLi (25.8 ml, 41.2 mmol, 1.6M n-hexane) in 150 ml dry THF was treated dropwise with 1,3,5-triethynylbenzene (10) (2.00 g, 13.3 mmol) in 50 ml dry THF at -40 °C under an argon atmosphere. The temperature was decreased to -78 °C and methyl chloroformiate (3.2 ml, 41.2 mmol) was added slowly. After stirring for 6.5 h at room temperature, the reaction was quenched with 1M hydrochloric acid (150 ml), the mixture extracted with CHCl3 (150 ml), the organic phase dried (Na2SO4) and the solvent evaporated.
Column chromatography [SiO2; EtOAC/n-hexane 1:6] of the crude product yielded compound 11 as a white powder (1.27 g, 29 % 
Di(benzo[b]thien-2-yl)methanone (12)
The synthesis has been performed following the literature procedure [40] but obtaining a higher yield. To a solution of benzo[b]thiophene (8) (8.05 g, 60 mmol) in 80 ml dry THF at -30 °C (under argon) was added slowly n-BuLi (37.5 ml, 1.6M in n-hexane). After having stirred for 15 min at -30 °C, the mixture was treated with N,N-dimethylcarbamoyl chloride (2.8 ml, 30 mmol) and stirred again for 5 h at room temperature. Afterwards, the reaction mixture was cooled to 0 °C, quenched with 1M hydrochloric acid (120 ml) and extracted with CH2Cl2 (3x 120 ml). The combined organic phases were dried (Na2SO4) and evaporated. 
1,1-Di(benzo[b]thien-2-yl)-3-(trimethylsilyl)prop-2-yne-1-ol (13)
Under an argon atmosphere, TMSA (1.74 ml, 12.2 mmol) in 60 ml dry THF was treated slowly at -78 °C with n-BuLi (7.6 ml, 1.6M n-hexane) followed by dropwise addition of a solution of di(benzo[b]thien-2-yl)methanone (12) (3.00 g, 10.2 mmol) in 60 ml dry THF. The mixture was stirred for 3 h at room temperature and quenched with a sat. NH4Cl-solution (90 ml). After evaporation of the solvent, the residue was extracted with CH2Cl2 (3x 90 ml). The combined organic phases were dried (Na2SO4), the solvent evaporated and the obtained 
1,1-Di(benzo[b]thien-2-yl)prop-2-yne-1-ol (14)
A mixture of 13 (3.00 g, 7.6 mmol) and K2CO3 (4.20 g, 30.4 mmol) in 100 ml MeOH was stirred for 7 h at room temperature, then diluted with CH2Cl2 (100 ml) and quenched with sat.
NH4Cl-solution (100 ml). The separated aqueous phase was extracted with CH2Cl2 (100 ml) and the combined organic phases dried (Na2SO4). Evaporation of the solvent gave a yellow oily residue which was stirred for 20 min in 25 ml n-hexane/EtOAc (10:1). 
General procedure for the synthesis of 1, 3 and 6
To a solution of benzo[b]thiophene (8) (2.15 g, 16.0 mmol) in 20 ml dry THF under an argon atmosphere at -30 °C, n-BuLi (10.0 ml, 16.0 mmol, 1.6M n-hexane) was added slowly.
The mixture was treated with the corresponding ester and stirred at room temperature. After quenching with saturated aqueous NH4Cl-solution, the residue was extracted with CHCl3. The organic phase was dried (Na2SO4) and the solvent evaporated. Specific details for each compound are given below.
4,4'-Bis[di(benzo[b]thien-2-yl)hydroxymethyl]biphenyl (1)
Dimethyl biphenyl-4,4'-dicarboxylate (7) (1.08 g, 4.0 mmol) was added as a solid in small portions and the reaction mixture was stirred for 6 h at room temperature. The crude product was crystallized from CHCl3 yielding compound 1 as a white solid (2.14, 72 % 
4,4'-Bis[di(benzo[b]thien-2-yl)hydroxymethyl]tolane (3)
Dimethyl tolane-4,4'-dicarboxylate (9) and PPh3 (16.3 mg, 0.062 mmol) was added and the subsequent reaction carried out under reflux (TLC controlled). After cooling to room temperature, the reaction mixture was diluted with CHCl3 (80 ml) and washed with saturated aqueous NH4Cl-solution (80 ml). The separated organic phase was dried (Na2SO4) and the solvent evaporated.
1,4-Bis[3,3-di(benzo[b]thien-2-yl)-3-hydroxypropynyl]benzene (2)
The reaction was run for 7.5 h using 1,4-diiodobenzene (0.49 g, 1.5 mmol) as the arylhalide.
The crude product was stirred for 15 min in EtOH/acetone (4:1, 30 ml) and the solid collected by vacuum filtration to yield compound 2 as a white powder (1.02 g, 95 %). Mp >267 °C (dec). Rf = 0.27 (EtOAc/n-hexane 1:2 
4,4'-Bis[3,3-di(benzo[b]thien-2-yl)-3-hydroxypropynyl]biphenyl (4)
The reaction was run for 8 h using 4,4'-diiodobiphenyl (0.61 g, 1.5 mmol) as the arylhalide.
The crude product was stirred for 10 min in acetone (20 ml) 
4,4'-Bis[3,3-di(benzo[b]thien-2-yl)-3-hydroxypropynyl]tolane (5)
The reaction was run for 8 h using 4,4'-diiodotolane (0.65 g, 1.5 mmol) as the arylhalide.
The crude product was heated for 20 min at 50 °C in EtOH/acetone (1:1, 50 ml) and the solid collected by vacuum filtration to yield compound 5 as a beige powder (1.17 g, 96 %). Mp > 240 °C. Rf = 0.22 (EtOAc/n-hexane 1:2 
Preparation of inclusion compounds
The inclusion compounds were obtained by crystallization of 1-6, respectively, from the respective solvents. Host:guest (solvent) stoichiometric ratios were determined after careful drying (1 h, 15 Torr, room temperature) of the isolated crystals via signal integration of the 1 H NMR spectra.
X-ray structure determination
Single crystals of 1a, 2a, 2b, 4a-4c and 5a were grown by slow evaporation of a solution of each host in the respective solvent. The X-ray diffraction data of the studied crystals were collected at 100 K on a Bruker Kappa diffractometer equipped with an APEX II CCD area detector and graphite-monochromatized MoKα radiation (λ = 0.71073 Å) employing φ and ω scan modes. The data were corrected for Lorentz and polarization effects. Semiempirical absorption correction was applied using the SADABS program [42] . The SAINT program [42] was used for the integration of the diffraction profiles. The crystal structures were solved by direct methods using SHELXS-97 [43] and refined by full-matrix least-squares refinement against F 2 using SHELXL-97 [43] . All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were positioned geometrically and allowed to ride on their parent atoms.
Geometrical calculations were performed using PLATON [22] and molecular graphics were generated using SHELXTL [43] .
Absorption measurements
For the absorption experiments, a quartz crystal microbalance (QCM) [14] consisting of two electronic quartzes (10 MHz) with gold electrodes (FOQ Piezo Technik, Germany) was used. The reference quartz is uncoated while the other quartz is coated with the diol host. The measurements were carried out at constant temperature (25 °C) and with a constant flow of synthetic air (10 L/h). A multichannel frequency counter (HKR sensor systems Munich, Germany) with a resolution of 1 Hz was used to measure the resonance frequencies of the quartzes which can be read by a computer using a serial interface. The coating of the quartz was realized by dipping in a 0.01M solution of the respective diol compound in CHCl3 (or EtOH). The change of the frequency is proportional to the increase of the quartz mass induced by the absorption of the added solvent vapor. This relation results from the Sauerbrey equation [35] . In consideration of the molar mass of the used solvents, the percentage of the absorbed solvent can be obtained as molar ratio. Table 1 Stoichiometric ratios (host:guest) in the inclusion compounds of the new hosts 1 -6 as well as of BTh1 and BTh2 as determined by 1 H-NMR. 
TABLES
Table 5
Vapor absorption ratios of the studied host compounds.
